The morphometric characteristics of the adult natural population of the brine shrimp Artemia salina from the saltwork of Sahline were surveyed in order to establish the relationship between morphometry and environmental water parameters. The field work was performed monthly from October 2005 to June 2006. During this period, the variation in water temperature, salinity, pH, and concentrations of dissolved oxygen and nutrients (orthophosphate, nitrite, nitrate and ammonium) were monitored. Adult Artemia samples (male and female) were randomly collected and stored in plastic containers and transferred to the laboratory for morphometric characterisation. Results show that adult specimens appear in the saltwork of Sahline from December through June. The population sampled in June had significantly lower values in all morphometric characters when compared to the other samples. Concerning male specimens, correlation analysis of the morphometric parameters and environmental conditions indicate that the strongest correlations were between temperature and total length 1 Corresponding author: hachem_b_naceur@yahoo.fr (rxy = -0.656), salinity and total length (rxy = -0.558), and between pH and width of head (rxy = 0.559). For female specimens, the strongest correlations were between total length and salinity (rxy = -0.610), total length and temperature (rxy = -0.537) and between total length and pH (rxy = 0.583). No correlations were observed between dissolved oxygen concentrations or ammonium levels and any morphometric parameters. The principal component analysis (PCA) revealed that diameter of compound eyes, width of second abdominal segment and width of third abdominal segment, for male specimens, and total length, abdominal length and width of the ovisac, for female specimens, are the morphometric parameters that show the greatest variation between samples.
In situ study of adult Artemia salina morphometry and its relationship to the physicochemical water parameters in the saltwork of Sahline (Tunisia)
INTRODUCTION
The brine shrimp Artemia (Crustacea, Anostraca) is the main zooplanktonic organism that inhabits hypersaline environments all over the world (Triantaphyllidis et al. 1998) . This branchiopod has acquired extremely capable adaptive mechanisms to survive and evolve in habitats with extensive and often abrupt fluctuations in salinity, UV irradiation, temperature, and dissolved oxygen concentration (Persoone and Sorgeloos 1980) . Other factors such as ionic composition and biotic interactions also play an important role in the patterns of its distribution (Van Stappen 2002) .
Populations of the anostracan branchiopod genus Artemia are found in more than 600 habitats dispersed across the world where natural or artificial salterns are found (Van Stappen 2002) . Artemia biotopes vary considerably with regard to the physicochemical composition of the water, ionic composition and altitude (ranging from sea level up to almost 4500 m in Tibet) (Bowen et al. 1985 , Lenz and Browne 1991 , Xin et al. 1994 ). These physicochemical differences have an important impact on Artemia populations by influencing their reproductive strategies, by encouraging either ovoviviparity or cyst production (Camargo et al. 2004 , Ben Naceur et al. 2009a , and by influencing the morphometric characters of adult specimens (Gilchrist 1960 , Litvinenko et al. 2007 , Asem and Rastegar-Pouyani 2008 .
The ability of Artemia to change its appearance under the influence of salinity has been established in earlier work by Schmankewitsh (1875) (in Litvinenko et al. 2007 ) and Gaevskaya (1916) . In addition, Gilchrist (1960) showed that Artemia morphometry is influenced by a series of intrinsic factors when cultured under standard conditions, and that this influence varies according to gender, size and population origin, and each locality has its own pattern when populations are cultured under the same conditions. Further, Amat (1980) observed that Artemia living in natural environments are usually smaller than when cultured in the laboratory. Moreover, morphometric differences were widely used for the isolation of Anostracan populations and it is well known that in Artemia morphometric traits have been the basis for population and species descriptions (e.g. Hontoria and Amat 1992a,b; Triantaphyllidis et al. 1997; Camargo et al. 2003) .
In Tunisia ephemeral and temporary habitats are the most common and representative natural superficial water (Ben Naceur et al. 2009a) , and Artemia was reported to be found in 21 different locations that harbored these temporal or ephemeral catchments, distributed from semi-arid to Saharan hydrogeographical zones (Ben Naceur et al. 2009b) . At the saltwork of Sahline Artemia was first reported by Ben Abdelkader (1985) . Romdhane et al. (2004) compared, using discriminant analysis, the morphometry of Artemia (males and females) with other Artemia populations, and concluded that Artemia from the saltwork of Sahline belong to the Artemia salina species. Muñoz et al. (2008) confirmed this result based on partial sequencing of the mitochondrial Cytochrome c oxidase Submit 1 (COI or cox1). Ben Naceur et al. (2008) describe a variety of factors concerning the Artemia from the saltwork of Sahline: nauplii size, fatty acid profile, neutral lipid and phospholipid levels in Artemia cysts as well as hatching characteristics.
The aim of this study is to explore the impact of the water's physicochemical parameters (water temperature, salinity, pH, dissolved oxygen concentration and nutrient levels) on the morphometry of adult Artemia salina collected monthly from the saltwork of Sahline.
MATERIALS AND METHODS

Study area
The saltwork of Sahline (Fig. 1) is located approximately 5 km to the south-west of the city of Monastir (35°45'58.7"N, 10°46'58.3"E) . This thalassohaline saltwork is composed of a permanent industrial saltwork that uses sea water for salt production and an area of natural catchments. These catchments are periodically filled by rain water from October to June and covered by a salt crust during the dry season. The maximum length and width of the area of the whole saltwork (including natural and commercial areas) are 12 and 6 km, with a surface area of about 1200 hectares. The sampling area was only connected to the other ponds via a gap of about 50 cm during the rainy season, causing the sampling area to dry up from July through September.
Physical and chemical data
Monthly sampling and monitoring of the site took place at one station from October 2005 through June 2006. The study site was visited in the morning between 09:00 and 11:00 am. During these visits water temperature, salinity and pH were measured in situ using a portable multiprobe (WTW, Multi/340i/SET). Dissolved oxygen concentration analysis was carried out following the chemical method of Winkler (Aminot and Kerouel 2004) . Water samples were stored for laboratory analysis of orthophosphate, nitrite, nitrate and ammonium (colorimetric method).
Adult Artemia study
Artemia samples (male and female) were randomly collected through a 120 µm mesh size plankton net, stored in plastic containers and transferred to the laboratory for analysis. Samples were collected monthly from one station, in order to minimize the environmental differences which can exist between ponds in the saltwork. A random sample of twenty adult male and female specimens (i.e. a welldeveloped antenna for males and a full and welldeveloped brood pouch for females) was removed and anesthetized with droplets of water saturated with chloroform. The following morphological parameters were quantified in each Artemia sample: total length (tl), abdominal length (al), width of third abdominal segment (wts), length of furca (lf), number of setae inserted on left branch of the furca (nlf), number of setae inserted on right branch of the furca (nrf), width of head (wh), maximal diameter (dy) and distance between compound eyes (dby), length of first antenna (la), width of the ovisac (wo) (for females), width of second abdominal segment (wss) and width of the frontal knob (fk) (for males).
Statistical analyses of the morphometric characteristics obtained during the investigation period included univariate ANOVA with post hoc Least Significant Difference test (LSD) using Statistica (version 5.0); significance was accepted at P<0.05. Morphometrical data were also correlated with environmental factors using Pearson's correlation coefficient (P = 0.05) to find the degree of association between them. PCA was carried out using the computer program XLSTAT-Pro 7.5. Figure 2 shows the variation in physicochemical water parameters during the investigation period. The surface temperature of the water ranged between 11.3°C (February) and 24.9°C (June). The minimum and maximum salinity observed at the site during the research period were 54 (January) and 265 g l -1 (June).
RESULTS
Monthly pH values ranged from 7.71 (June) to 8.72 (February), and dissolved oxygen values varied from 4.2 to 11.54 mg l -1 for October and March, respectively. The nutrients analysis showed that nitrate (NO3 -) and ammonium (NH4 + ) were the most abundant nutrients during the investigation period contrasting with low concentrations of nitrite (NO2 -) and orthophosphate (PO4 2-).
This in situ study of the Artemia salina population showed that adult specimens were present in the saltwork of Sahline from December through June. Table 1 shows measurements for male and female specimens, and the statistically significant interpopulation differences (as determined using oneway ANOVA and the post hoc LSD test, P<0.05). Statistical comparison of the different morphometric characters, shows different degrees of variation among populations, and does not show any particular similarity between Artemia samples. However, populations sampled in June had significantly lower values in all morphometric characters when compared to the other samples.
Correlation analysis of the morphometric parameters and environmental conditions indicate that:
For males (Table 2) , the strongest correlations were between temperature and total length (moderate negative correlation, rxy = -0.656), salinity and total Table 1 Mean values (mm) and standard deviation in parentheses of the morphometric characters of Artemia salina males and females; Total length (tl), abdominal length (al), width of second abdominal segment (wss), width of third abdominal segment (wts), length of furca (lf), number of setae on left branch of the furca (nlf), number of setae on right branch of the furca (nrf), width of head (wh), diameter of compound eyes (dy), maximal distance between compound eyes (dby), length of first antenna (la), width of the frontal knob (fk) and width of the ovisac (wo). Same superscripts show nonsignificant differences between means in each column for males and females (P = 0.05). (Table 2) , the strongest correlations were between total length and salinity (rxy = -0.610), total length and temperature (rxy = -0.537), total length and pH (rxy = 0.583) and total length and nitrate (rxy = 0.504), between abdomen length and salinity (rxy = -0.570), abdomen length and temperature (rxy = -0.538) and abdomen length and pH (rxy = 0.529) and between width of head and salinity (rxy = -0.557).
The principal component analysis (PCA) shows according to axis 1 (with 41.66% for males and 51.22% for females of the total variance), that all specimens collected from different environmental conditions converge and show a morphological similarity (Fig. 3) in terms of diameter of compound eyes (dy), width of second abdominal segment (wss), width of third abdominal segment (wts), width of the frontal knob (fk) and total length (tl) with a cumulative contribution of 54.32% for male specimens, and total length (tl), abdominal length (al), width of the ovisac (wo), maximal distance between compound eyes(dby) and length of first antenna (la), with a cumulative contribution of 53.33% for female specimens (Table 3) .
DISCUSSION
Hypersaline habitats are abundant worldwide and provide important models for studying the adaptation of aquatic organisms to extreme environments (Torrentera and Dodson 2004) . Artemia population dynamics, abundance and morphometry are highly influenced by environmental factors, principally salinity and temperature. Our study revealed that populations sampled in June had significantly lower values in all morphometric characters when compared to the other samples, coinciding with the period of highest salinity and temperature levels. Correlation studies show that the impact of salinity on adult Artemia morphometry was pronounced on all morphometric parameters but to varying degrees. The four strongest correlations were obtained between salinity and total length, and between width of head and width of second abdominal segment for males and between salinity and total length, and between abdominal length and number of setae on the furcal branch for females. Similar results were observed between morphometric parameters and temperature and morphometric parameters and pH, with a negative and positive correlation, respectively. Gilchrist (1958) revealed that the increase in oxygen consumption with increasing size of males is significantly greater in sea water than in more concentrated brine. Moreover, in concentrated brine, there is no difference in the magnitude and rate of oxygen uptake of males and females. However, the same author reported that in sea water male oxygen consumption increases more rapidly than female oxygen consumption as the size of the animals increases. Nevertheless, in our study we see an absent or weak correlation between adult Artemia morphometry and dissolved oxygen levels, contrasting with the results obtained by Ben Naceur et al. (accepted article) .
Concerning the relationship between nutrient concentration and adult Artemia morphometry, results show that orthophosphate as well as nitrite were negatively correlated with all morphometric parameters, and that nitrate was positively correlated with all morphometric parameters. Javor (1983) reported that in many solar saltworks, the low-salinity ponds are characterized by clear water, as microalgae are present in low quantities, a fact that has been attributed to nutrient limitation. Van Wazer (1973) revealed that in an aquatic system, the dissolved fractions of phosphorus consist mainly of orthophosphate, and that it is commonly accepted that algae and other aquatic organisms assimilate phosphorus mainly in the form of orthophosphate (Huang and Hong 1999, Gardolinski et al. 2004 ). Moreover, Camargo et al. (2004) reported that in saltworks numerous organisms are trapped and slowly die as salinity increases progressively. Thus organic matter of both animal (e.g. crustaceans and insects) and plant (e.g. phytoplankton) origin accumulates and decomposes. Consequently, the concentration of the nitrogenous compounds (first nitrite and later nitrate, through the process of nitrification) increases through time as salinity increases, causing an augmentation in chlorophyll a concentration (Nyonje et al. 1995) . Similarly, we can hypothesize that the correlation between nutrient concentration and adult Artemia morphometry, signifies a correlation between microalgae density (chlorophyll a concentration) and adult Artemia morphometric parameters. PCA analysis revealed that specimens collected at low salinity (<200 g l -1 ) were more dispersed than those harvested at high salinity levels (>200 g l -1 ), meaning that at high salinity levels differences in morphometric parameters between individual specimens of the same population were less pronounced than in low or moderate salinity. Litvinenko and Boyko (2008) , in their study of the morphometric characteristics of Artemia parthenogenetica from Siberian populations, revealed that the greatest influence of salinity was observed on the abdomen and furca structure, and that there are no correlations between water salinity and body length. Triantaphyllidis et al. (1995) studied the impact of salinity on adult morphometry of two Artemia populations (a bisexual population from San Francisco Bay, California, USA, and a parthenogenetic population from Tangguarea, People's Republic of China). They reported that in low salinity the length of the first antenna was the morphometric parameter which most contributed to the discrimination between the two Artemia populations. In higher salinities the width of head most contributed to the discrimination of the two Artemia populations. In our study diameter of compound eyes, width of second abdominal segment and width of third abdominal segment, for male specimens, and total length, abdominal length and width of the ovisac for female specimens were the morphometric parameters that most contributed to the discrimination between samples.
In conclusion, this study allowed us to show a relationship between water physicochemical characteristics and the morphometric parameters of adult Artemia. The results show that salinity, temperature, pH, and concentrations of orthophosphate, nitrite and nitrate all show relationships with all morphological characteristics. There was no correlation between dissolved oxygen or ammonium concentrations and morphometric parameters. On the other hand, diameter of compound eyes, width of second abdominal segment and width of third abdominal segment for male specimens, and total length, abdominal length and width of the ovisac for female specimens, are the morphometric parameters that contribute most to the discrimination between samples.
